Researchers in both academia and industry have expressed strong interest in comprehending the mechanisms responsible for enhancing the thermostability of proteins. Many and different structural principles have been postulated for the increased stability. Here, 16 families of proteins with different thermal stability were theoretically examined by comparing their respective fractional polar atom surface areas and the number and type of hydrogen bonds and salt links between explicit protein atoms. In over 80% of the families, correlations were found between the thermostability of the familial members and an increase in the number of hydrogen bonds as well as an increase in the fractional polar surface which results in added hydrogen bonding density to water. Thus increased hydrogen bonding may provide the most general explanation for thermal stability in proteins. The number of ion pairs was also found to increase with thermal stability in two-thirds of the families tested; however, their rate of addition was only about one-sixth that for internal hydrogen bonds amongst the protein atoms. The preferred residue exchanges and surface atom types useful in engineering enhanced stability were also examined.
Introduction
Why do some organisms survive temperatures above 100 C while others cease to live at 40 C? Why are some proteins extremely thermally stable while others denature at relatively low temperatures? Though such queries have prompted theoretical and experimental research for many years, the phenomenon of protein thermostability has been only partially understood despite its great importance in both the scienti®c and industrial arenas. Understanding the physicochemical principles of thermal stability will, no doubt, aid in the comprehension of protein folding and protein interaction mechanisms. Chemical reactions proceed with much higher speed if the reaction temperature is increased, yielding higher productivity as well as improved removal of unwanted reaction products destroyed by higher temperature.
Theoretical and experimental approaches have been undertaken to examine the stability of proteins (for reviews, see Gupta, 1993; Russel & Taylor, 1995; Querol et al., 1996; Vieille & Zeikus, 1996) . Comparison of the sequences and tertiary structures of homologous proteins from thermophiles, mesophiles and thermophobes has formed the basis of theoretical efforts (e.g. Perutz & Raidt, 1975; Argos et al., 1979) . Protein engineering, usually performed through site-directed mutagenesis, is the favorite mode of experimental analysis and stability enhancement (Fersht & Serrano, 1993; Matthews et al., 1987) . Querol et al. (1996) list at least 13 different physical and chemical reasons that researchers have reported in order to explain enhanced thermostabilization; these and other reasons are listed in Table 1 . Though it may well be that proteins can be engineered or engineer themselves in vivo to achieve greater stability by utilizing one or more of these strategies, it is clear that no single and preferred mode has yet been found.
In this theoretical work, attempts were undertaken to ®nd a largely consistent and straightforward explanation. First, all possible protein families, whose sequence-homologous members had known three-dimensional structure and optimal stability in natural environments of different temperature, were extracted from current databases. The resulting 16 families, the largest sample gathered to date, were examined for correlations between temperature of stability and polar surface fraction, as well as the number of hydrogen bonds and salt links between main and side-chain atoms. In analyses, 13 of the 16 families (over 80%) yielded a consistent pattern; namely, an increased temperature of stabilization was related to an increase in the number of hydrogen bonds amongst protein atoms and an increase in fractional polar atom exposed surface able to provide more hydrogen bonds with solvent. The number of salt bridges followed similar trends with increases in two-thirds of the families though they displayed only about one-sixth of the rate of increase found for hydrogen bonds. It is also noteworthy that in four recent studies (Hennig et al., 1995; Korndo È rfer et al., 1995; Yip et al., 1995; Salminen et al., 1996) involving the experimental determination of the tertiary structures of particular hyperthermophilic proteins the researchers suggested an increase in ion pairs and/or hydrogen bonds as principal determinants of the increased stability. However, investigations of many thermophilic structures have led scientists to a myriad of explanations (Querol et al., 1996) . The results reported here also point to the general signi®cance of hydrogen bonds and ion pairs in the stability of proteins.
Methods

Choice of protein families
The three-dimensional protein structures used in this work were chosen from the Protein Data Bank (PDB) atomic coordinate database (Bernstein et al., 1977) . The text for all proteins listed in PDB in October 1996 was searched for the word``thermo''.
All entries matching this criterion were then examined manually for evidence that the associated protein was from a thermostable species. In a second step, the PDB text of all remaining entries was searched again for proteins from species previously identi®ed.
From this collection of thermostable proteins, related mesophilic proteins were subsequently found by comparing and aligning the sequences of the thermophiles with all other primary structures in PDB using an implementation of the algorithm of Needleman & Wunsch (1970) with optimal parameters (exchange weight matrix and gap penalties) found by Vogt et al. (1995) . All protein sequences assigned to a given family showed a residue match identity of more than 35% in pairwise alignments to all other family constituents. This identity level assured structural homology and proper alignment (Vogt et al., 1995) .
Temperatures were assigned to each of the proteins according to those of optimal growth or normal living environment for the species involved or those from in vitro experiments for half-life stability as stated in the literature (Krieg & Holt, 1984; Barnett et al., 1983; Herbert & Sharp, 1992; Mene Ândez-Arias & Argos, 1989; Iny et al., 1993; Russell & Taylor, 1995) . Ideally knowledge of the temperature of stability observed according to enzymatic reactivity or fold integrity for each particular protein would be desirable; however, such temperatures are often not determined for mesophiles and various experimental conditions and criteria are reported in their assessment. Host environmental temperatures are consistent and their use in the literature is with considerable precedent (Argos et al., 1979; Querol et al., 1996) . If a a If a number is given after an entry, it indicates the number of times Querol et al. (1996) observed its citation in a research report.
b Indicates those explanations for thermal stability increase that can be reasonably attributed (in whole or at least in signi®cant part) to increased hydrogen bonding (to water or amongst protein atoms) and salt links.
host has habitat in a range of temperatures as given in Table 2 , the average was taken for calculational purposes (vide Â infra).
In one-seventh of the proteins a few side-chain atoms were missing; they were generated with the energy criteria of ICM (Abagyan et al., 1994;  (Krieg & Holt, 1984) except where noted. b Data taken from Herbert & Sharp (1992) . c Data taken from Menendez-Arias & Argos (1989) . d Data taken from Iny et al. (1993) . e Data taken from Barnett et al. (1983) . f Data taken from Russell & Taylor (1995) .
Molsoft). If atomic coordinates were not given for all chains of a multimer, symmetry related subunits were created from information in the PDB entries or, where this information was insuf®cient, from the original publication (as cited in the PDB text) describing the relevant protein structure. These procedures allowed the identi®cation and constitution of 16 protein families containing 56 individual proteins from thermophilic, mesophilic, and thermophobic sources ( Table 2) . Some of the tertiary structures were experimentally determined with small ligands (inhibitors, cofactors, and the like) barring one exception in 1EBD, where an associated 41-residue polypeptide was removed in all calculations, since it could contribute signi®cantly to the number of hydrogen bonds, ion pairs, and exposed surface (vide Â infra). In all other cases, the small ligands were removed in bond and link analyses but maintained in surface determination. This procedure avoided any biases for those spurious structures where the ligand could provide extra hydrogen bonds or salt links or leave an exposed hydrophobic surface when removed that would hamper stability and distort calculations. Nonetheless, maintenance of the ligands in the structures yielded overall results similar to those reported here. Water molecules were also removed from all structures for all calculations.
Measuring properties
The protein families used in this work differ signi®cantly in many respects. Their size, for example, ranges from 46 residues in one monomer up to 1336 residues in the largest oligomer. Several properties such as number of hydrogen bonds and salt bridges or surface solvation energy were examined over each family and for each family member. The overall family trend for a speci®c characteristic was found by summing the property changes over each unique family pair, weighted by the square of the difference of adapted living temperatures for the two compared members. The property differences were each divided by the associated living temperature differences for each pair in order to standardize the characteristics. Further normalization was achieved by dividing the weighted property-per-unit-temperature sum by the sum of the square of all observed temperature differences for each pair considered. The score (S) for a speci®c property per 10 deg. C rise in thermal stability and a given family j is thus de®ned as:
where X i represents the property value of the ith family member, T i is the corresponding thermal stability temperature assigned to the host (Table 2) , and n is the number of constituents in family j. The squared weight was adopted to emphasize the results from pairs with large environmental temperature differences where characteristics essential for thermal stability will be emphasized and likely to be more discernible. Living temperature differences less than 5 deg. C were not considered signi®cant and such terms were not included in the summations. The family members were assigned an ith position according to increasing temperature such that the i 1 constituent was considered the``coldest'' organism (thermophobe or mesophile) and the nth member, the``warmest'' (thermophile), where n is the total number of family members. In the above equation then, T i will always be greater than T k . It must be emphasized that square-temperature weights were used for all characteristics examined in this work. Such a de®nition is consistent with the original work in this area by Argos et al. (1979) .
In a further step, the signi®cance of the calculated ratios between the members of families displaying an increase and decrease for individual properties relative to temperature stability was determined. The assignment of host living temperatures to proteins was randomly permuted within each family and the mean and standard deviation of the ratios were calculated for 1000 such permutations. The Z-scores were then determined according to the number of standard deviations above or below the temperature shuf¯ed mean.
Solvation energy and polar surface fraction
The importance of the hydrophobic effect on protein folding and stability is generally accepted (Chothia, 1975; Dill, 1990; Honig & Yang, 1995) . It is therefore likely that the stability of thermophiles is correlated to their hydrophobic properties and especially the interactions of their protein surfaces with the surrounding water. Since the correct analytic solution for this interaction is complex, a simpli®cation based on the accessible surface of given atom types was utilized. A ®xed solvation energy factor (energy (kcal/mol) per unit exposed water accessible surface in A Ê 2 ) was assigned to each of the atom types (e.g. carbon atoms with various numbers of bonded hydrogen atoms, polar nitrogen atoms, etc.). This factor was meant to measure the energy loss (or gain) in moving such an atom type from a hydrophobic to hydrophilic environment. The total solvation energy calculated here is de®ned as the sum of products of the individual atomic accessible surface areas and their corresponding factors. Several different atomic solvation parametric (ASP) sets for each of the atom types have been suggested; some authors have published two or more such sets over the years. Recently, Juffer et al. (1995) compared nine different ASP sets and found that of Eisenberg et al. (1989) to be most reasonable (referred to as``sch1'' by Juffer et al. (1995) ) in that most other sets in effect yielded calculated solvation free energies that were smaller when the protein structure was simulated in an unfolded state with standardly extended side-chains. Of those few ASP sets that resulted in increased solvation energy in the unfolded state, other tests pointed to the optimality of the values of Eisenberg et al. (1989) .
The computer program ASC (Eisenhaber & Argos, 1993 ) with a default parameter setting (1.4 A Ê probe radius) was used to calculated the solvation accessible surfaces for each exposed atom over all proteins in all families. From these results, the solvation free energy of the folded protein in transferring atoms from an apolar medium to water was calculated using the Eisenberg et al. (1989) ASP set. This was, in effect, the summation of the products of the accessible surfaces and associated solvation factors over all exposed atoms. The solvation free energy of the unfolded protein was also determined as the sum of transfer energies of the individual residues. For each residue type X, the accessible surface and transfer energy of all atoms of X in a standard extended state (Juffer et al., 1995) in the peptide Gly-X-Gly was calculated using ASC with the Eisenberg ASP set. The reduction in solvation free energy during folding (ÁÁG) was then de®ned as the difference between the transfer or solvation free energy of the folded and unfolded proteins.
ÁÁG and fractional surface contributions of various atom types were then used as properties (X) in equation (1) to determine their temperature weighted differences relative to thermophiles. The atom categories included polar (nitrogen and oxygen), apolar (carbon and sulfur), main-chain and side-chain. For comparative purposes (vide Â infra), an overall accessible surface (ASF) in A Ê 2 was determined for each family j on a square-temperature weighted basis over all family members i (i 1,n):
Multiplication of ASF j and a fractional surface change for given atom types would yield a corresponding surface area change in A Ê 2 useful for discussion and comprehension of the results. However, in actuality the fractional surface alterations amongst multimers or monomers were determined such that the hydrogen bonding density to water is in effect calculated. The normalization to the overall exposed surface of the protein molecules was essential to normalize for monomer/ multimer effects as well as any changes in the absolute areas of the compared mesophiles and thermophiles. Since the extent of the exposed polar surface is a measure of the proteins ability to hydrogen bond to water, the change in polar fractional surface relates to a change in hydrogen bonding surface density to water. A protein with more hydrogen bonds to solvent per unit exposed surface should gain in energetic stability.
Hydrogen bonds and salt links
Hydrogen bonds were calculated for all proteins using the HBPLUS routine (McDonald & Thornton, 1994) with the following default parameters (D refers to the donor atom; A, the acceptor; H, the hydrogen atom; and AA, the atom covalently bound to A): maximum distances for D-A, 3.9A Ê and for H-A, 2.5 A Ê ; minimum angles for D-H-A and for D-A-AA, 90
. These values have been recommended after extensive analyses by Baker & Hubbard (1984) by McDonald & Thornton (1994) . Hydrogen atoms were positioned in all tertiary structures according to the standard procedures described by McDonald & Thornton (1994) . Donors included main-chain nitrogen atoms and (amino acid followed by PDB side-chain atom identi®er) CyH SG, His NE2, His ND1, Lys NZ, Asn ND2, Gln NE2, Arg NE, Arg NH1, Arg NH2, Ser OG, Thr OG1, Tyr OH, and Trp NE1 while possible acceptors were mainchain oxygen atoms and Asp OD1, Asp OD2, Cyh SG, CSS SG, Glu OE1, Glu OE2, Gln OE2, His ND1, Met SD, Asn OD1, Gln OE1, Ser OG, Thr OG1, and Tyr OH. The generated list of speci®c donor/acceptor atoms and their separation distance were then examined for gathering appropriate statistics by an external program written in PERL.
When two atoms of opposite charge were observed to be within 4.0 A Ê and they were not declared as hydrogen-bonded from the criteria described above, they were assigned to a salt link (also called salt bridge or ion pair). The distance threshold was recommended by Barlow & Thornton (1983) after extensive analysis of several protein structures. Positively charged atoms included side-chain nitrogen atoms in Lys, Arg, and His while negative side-chain oxygen atoms derived from those of Asp and Glu.
Differences in hydrogen bond and ion pair counts are given``per chain'' since members of the various families display different quaternary structure spanning molecular monomers, dimers, and tetramers. All bonds were counted for the entire molecule; this result divided by the number of subunits was then used as a property term in equation (1).
Secondary structural characteristics
For consistent results, automated secondary structure assignments (helix, strand, reverse turn, coil, 3 10 helix, û-bridge) were made from the mainchain atomic coordinates with the computer program STRIDE (Frishman & Argos, 1995) . Primary and secondary structural substitutions over homologous structures were based on pairwise sequence alignments, the latter effected with a C implementation of the Needleman & Wunsch (1970) algorithm and residue substitution weights based on the Gonnet matrix (Gonnet et al., 1992) which was modi®ed for optimal accuracy in alignment (Vogt et al., 1995) . The respective gap initiation and extension penalties were taken as 6.0 and 0.8 which resulted from optimization by Vogt et al. (1995) . When family members were constituted by multimeric proteins, all sequence pairwise alignments were effected (as previously described) amongst all inter-member subunits and the corresponding terms used in equation (1). This scheme based on subunits was used only for the secondary structural properties as reported in Figure 1 . Previously discussed characteristics were tabulated for the entire multimeric molecules, thereby eliminating any need for speci®c inter-member subunit sequence comparisons.
Results
Solvation energy and exposed polar surface Table 3 shows the change in solvation free energy upon folding (ÁÁG) amongst the tested families. In 11 of 16 families, the solvation free energy decreases to a greater extent with increasing thermostability. Table 4 shows the actual compositional changes in fractional solvent exposed molecular surface for all the families and for various atom types. The net fractional surface area of the apolar carbon and sulfur atoms decreases in 13 of the 16 families while the net accessible surface area occupied by polar nitrogen and oxygen atoms increases in the same 13 families. There was no noticeable overall trend to replace main-chain with side-chain atoms or the reverse. Table 5 re®nes these results by examining separately main and side-chain atoms according to type. Main and side-chain carbon atoms are generally removed from the protein surface in moving from thermophobes to thermophiles with the most extensive surface loss contributed by side-chain carbon atoms. The nitrogen and oxygen surface contributions consistently increase with increasing thermostability, but this effect is mostly a result of additional side-chain atoms. It is clear that the side-chain atoms are primarily responsible for the overall increase in the fractional surface of nitrogen atoms and for the decrease in surface fraction for carbon and sulfur atoms (Table 4 ). The net increase in nitrogen surface is larger than that for oxygen. Table 6 lists the number of families for which fractional surface contributions increased or decreased relative to thermophiles for side-chain atoms over particular residue types and by their polar and non-polar character. Table 7 lists the total number of explicit hydrogen bonds and salt links between protein atoms for monomers or per subunit chain in the oligomeric proteins. The same trends were observed for per Figure 1 . Number of observed secondary structural exchanges in sequence alignments of thermophiles (warm) with mesophiles or thermophobes (cold). The conformation substitutions were calculated for each family according to equation (1), which uses square temperature-difference weighting and considers the number of substitutions observed per 10 deg. C temperature difference; here the values are given per 100 deg. C difference in temperature of thermal stability. The 16 family scores were averaged and reported here. The column sums correspond to exchanges, for example, from a helical state (H) observed in a thermophile to all other states (extended (E), 3 10 -helix (G), reverse turn (T), isolated b-bridge (B), coil (C)) in the mesophile or thermophobe. Row sums correspond to movements from mesophiles to thermophiles. The net sum (row sum À column sum) corresponds to net movements (number of additional residues in a given secondary structural state per 100 deg. C gain in thermal stability temperature) towards one secondary structural state from all others in going from mesophiles or thermophobes to thermophiles (cold 3 warm). The ÁÁG values given are square temperature weighted differences per family and per chain for a 10 deg. C rise in thermal stability. The Eisenberg et al. (1989) atomic solvation factors were used in the solvation free energy calculations. Z-scores for the ratios are calculated as described in Methods.
Hydrogen bonds
residue calculations which included monomers and entire oligomers. There is a clear increase for 13 of the 16 families as thermostability increases with an average of 11.7 internal hydrogen bonds per chain (0.036 bonds per residue) per 10 deg. C rise in stability for those families displaying the consistent positive trend. Only 0.7 of the 11.7 gain is a result of associations between oppositely charged side-chain atoms while the distribution amongst main-chain/ main-chain, main-chain/side-chain, and sidechain/side-chain atoms was 6.7, 2.9, and 2,1 respectively. Ion pairs or salt links increased with thermal stability for 11 of the 16 families, yielding a near 70% consistency. However, the addition rate is only 1.8 per 10 deg. C rise per chain (0.007 per residue) for the 11 families displaying a positive trend. Table 8 shows the results for hydrogen bonds and electrostatic links between speci®c atom types according to the number of families showing an increase () or decrease (À) of the speci®c bond type with increasing thermal stability. Because of the large number of possible acceptor/donor atoms, only those pairs are given with decided consistencies; i.e. observed in eight or more families with a ratio trend of 2.0 or more. Some of the bond types are not present in all 16 families.
It was found that 10.6 of the 11.7 hydrogen bond increases per chain and 10 deg. C rise in thermophilic stability involved buried hydrogen bonding partners where each atom had less than 10 A Ê 2 of solvent exposed surface.
Secondary structural properties
Given the observed increase in main-chain/ mainchain hydrogen bonds in the thermophiles of 13 of the 16 families examined, an analysis was performed as to which secondary structural types were involved; namely, helix (H), strand (E), 3 10 -helix (G), reverse turn (T), û-bridge, and coil (C). For each of the 16 families a square-temperature weighted sum of the number of secondary structural exchanges was calculated over relevant family member pairs. Figure 1 shows the mean weighted counts over all families per 100 deg. C increase in thermal stability. It is clear that there is an overall net increase in H, E, and G states and a decrease in T, B, and C main-chain conformations as the host living temperature is increased. The more compact and hydrogen bond rich states are represented by the former three. Figure 2 displays the absolute net counts for particular residue substitutions in movements toward the helical (a) or extended (b) conformation in thermophiles from other states in mesophiles and thermophobes. Table 9 lists the top ®ve residue exchanges (meso- The fractional changes were calculated for each family according to equation (1) for a 10 deg. C rise in thermal stability temperature. Atom location refers to main-chain (MC) or side-chain (SC). Ratio indicates the number of families that show decreasing (À) or increasing () surface for given atom types with increasing host living temperature. The change in fractional surface per 10 deg. C rise in host temperature is given as an average over those families showing the most consistent trend. The mean familial surfaces were determined with squared-temperature weights consistent with equation (1). Multiplying the atom type fraction and average familial surface results in a roughly equivalent A Ê 2 surface increase or decrease for the atom type over the family members though it must be emphasized that in actuality it is the fractional surface area of particular atom types that are changing relative to the thermophiles. This results in an increased hydrogen bond and ion pair density at the thermophilic protein surface. Z-scores for the ratios are calculated as described in Methods.
phile to thermophile) observed with highest counts in Figure 2 where helix or strand substitute states are respectively found in the thermophiles.
Discussion
The number of experimentally determined threedimensional structures of thermostable proteins is still relatively small and does not allow extensive statistical surveys, albeit in the present work the largest number of families have been examined which represents nearly three times those used in the earlier efforts of Menendez-Arias & Argos (1989) . Making a protein more rigid may increase its thermostability but may also destroy its functionality. Since the functional requirements are very different for proteins from different families, it may be impossible to detect signi®cant trends related to thermostability over several unrelated protein families. Several of the families used here contain only one thermophile. The assignment of the optimal temperature for a given protein may display some error. There are also a host of crystallographic structure determination errors as well as a variety of resolutions in the data and structural re®nement conditions and algorithms. Despite these handicaps, the statistical consistency observed in the use of hydrogen bonds (Z-score signi®cance of 2.6) and salt bridges (Z-score of 1.6) to achieve thermal stability in protein structures is remarkable.
It is clear from Table 4 that there is a net overall increase in nitrogen and oxygen surface fraction The fractional and mean surfaces were calculated for each family according to equation (1) for a 10 deg. C rise in thermal stability temperature. Atom location refers to main-chain (MC) or side-chain (SC). Ratio indicates the number of families that show decreasing (À) or increasing () fractional surface for given atom types with increasing host living temperature. The change in surface fraction per 10 deg. C rise in host temperature is given as an average over those families showing the most consistent trend. The mean familial surfaces were determined with squared-temperature weights consistent with equation (1). Multiplying the atom type fraction and average familial surface results in a roughly equivalent A Ê 2 surface increase or decrease for the atom type over the family members though it must be emphasized that in actuality it is the fractional surface area of particular atom types that are changing relative to the thermophiles. This results in an increased hydrogen bond and ion pair density at the thermophilic protein surface. Z-scores for the ratios are calculated as described in Methods. for thermophiles in 13 of the 16 families (Z-score 2.5); correspondingly, the carbon and sulfur surface contributions decrease. The results listed in Table 5 show that the increased polar fraction is primarily a result of additional side-chain polar atoms (Zscore 3.1 with 14 of 16 families displaying an increase) and not backbone atoms as observed in 13 of the 16 families. Of side-chain nitrogen and oxygen atoms, 11 families increase the nitrogen fraction, nine show increased oxygen atoms, and ®ve increase both. On average, the nitrogen fractional increase is over threefold that of the oxygen. The major contributor of nitrogen is Arg while Phe, Val, Ala, and Cys most consistently bury themselves further. Pro is also found more often on the thermophile surface and oxygens are removed by decreasing the surface composition of Thr and Ser. The corresponding polar surface area addition (multiplication of temperature weighted fractions and familial accessible surfaces; equation (2) and Table 4 ) after averaging over all the 13 families showing a polar increase is 227 A Ê 2 per 10 deg. C rise in thermal stability temperature. If one water roughly occupies 10 A Ê 2 of exposed polar surface, about 22 extra solvent molecules would bathe thermophiles over mesophiles for each 10 deg. C rise. The additional equivalent polar areas increase as the surface area of the thermophiles becomes larger. For multimeric surface ranges 0 to 6000, 6000 to 16,000, 16,000 to 40,000, and 40,000 to 50,000 A Ê 2 , the corresponding mean polar surface increases in each range are respectively -13, 62, 177, and 473 A Ê 2 . It is noteworthy that the only three family members with a negative fractional surface change in thermophiles had the smallest surface areas and therefore the lowest molecular mass (Tables 2 and  3 ). This is perhaps the result of the requirements to build a suf®ciently large and stabilizing hydrophobic core and yet also maintain a polar surface. Score is calculated for each family according to equation (1) which employs square-temperature difference weighting between family member pairs and is expressed as number of hydrogen bonds (or salt links) per 10 deg. C rise in temperature of thermal stability for those families. Ratio indicates the number of families that show decreasing (À) or increasing (À) numbers of hydrogen bonds (or salt links) per chain with increasing temperature of stability. The hydrogen bond or salt link numbers per 10 deg. C rise in host temperature is given as an average over those families showing the most consistent trend. Zscores for the ratios are calculated as described in Methods.
In small proteins where the surface-to-volume ratio is larger, apolar core residues may also be at the protein surface while in larger proteins where the corresponding ratio is smaller, a suf®cient core can easily be constructed as well as surface polarity increased for thermal stability. However, in two of the three families with the smallest proteins, both the number of hydrogen bonds and salt links increase in thermophiles while in the remaining family only salt links are added. It must be emphasized that in actuality it is the hydrogen bond density to solvent that is increased in thermophiles since fractional surface changes were calculated as necessitated by the various multimeric states displayed by inter and intra-family constituents ( Table 2 ). The equivalent increase in surface area is given to aid comprehension. Further, the increased nitrogen and oxygen surface also affords the opportunity for increased electrostatic interactions. No trends were observed between chain size and increase in hydrogen bonds per 10 deg. C rise.
Though it is reasonable to imagine a folded protein with larger polar surface fraction more stable than one with smaller fraction, it can be argued that the number of overall hydrogen bonds involving protein atoms to other protein atoms or to aqueous solvent remain the same for the folded and unfolded states. Thus, the more important characteristic to analyze is the change in solvation free energy from unfolded to folded con®guration (ÁÁG) for mesophiles and subsequently compare them to the corresponding values for their thermophilic counterparts with the latter expected to display a greater difference as evidence of greater stability. Table 3 shows that this was the case for 11 of 16 families with associated 1.6 Z-score. However, the signi®cance of the (ÁÁG) results is not as high as that for increased thermophilic polar sidechain surface fraction at Z-score 3.1 and increased overall polar surface fraction at 2.5. Given the incompleteness of current knowledge regarding the various energetic contributions to protein folding as well as the controversy surrounding solvation energy functions upon which the ÁÁG calculations performed here depend, the statistical results Figure 2 . Absolute net counts of particular residue exchanges as observed in all possible mesophile-to-thermophile sequence pairs over all 16 families. The net counts correspond to, for example, the difference in Val 3 Ala (mesophile (cold) 3 thermophile (warm)) and Ala 3 Val (mesophile 3 thermophile) counts; the value of 7.5 given (a-region) shows a net favored Val 3 Ala (cold 3 warm) substitution. A negative entry indicates that the reverse substitution in going from cold to warm structures is preferred (e.g. for the a-region, Ala 3 Phe (cold 3 warm) is preferred). The a-region of the matrix has been determined for mesophile-to-thermophile exchanges of all states (E, G, T, C) to helix; the b region is similar but for exchanges to b-strand. pointing to the greater importance of increased polar surface fraction should be afforded serious consideration.
A remarkable consistency (13 of 16 families, Zscore 2.6) is observed over the families regarding an increase in protein atom internal hydrogen bonds with increasing thermal stability ( Table 7) . The average fractional distribution of increased hydrogen bonds amongst main-chain/main-chain, main-chain/side-chain, and side-chain/side-chain atoms is, respectively, 0.57, 0.25, and 0.18. The Arg side-chain nitrogen atoms are favored for binding and prefer to interact with side-chain oxygen atoms from Asp and Ser (Table 8) . Main-chain nitrogen atoms prefer to link with side-chain oxygen atoms of Asn and Thr. Salt links increase in twothirds of the families with increasing temperature of stability. However, an increase of 1.8 per 10 deg. C per chain is, on average, about 15% of the observation for hydrogen bonds at 11.7. The contribution of hydrogen bonds (Kauzmann, 1959; Dill, 1990; Creighton, 1991; Pace et al., 1996; Sippl et al., 1996) and salt links (Dill, 1990; Sharp & Honig, 1990; Pace et al., 1992) to the stability of proteins is controversial. Fersht & Serrano (1993) note in their recent review on protein folding stability that the removal of a hydrogen bond generally lowers protein stability by 0.5 to 2.0 kcal/mol; estimates for ion pair stabilization range from 0.4 to 1.0 kcal/mol (Pace et al., 1990 (Pace et al., , 1992 Yang & Honig, 1993) . Branden & Tooze (1991) noted that a stabilization of about 0.5 kcal/ mol was required per 1 deg. C rise in melting temperature. Here, for each 10 deg. C rise in living temperature, a mean total of about 13 hydrogen bonds and salt links per chain are added. Assuming a stabilization gain of 0.5 kcal/mol per bond formed and an average rise of 40 deg. C in thermal stability, about 26 kcal/mol would separate the folded free energies of mesophiles and thermophiles. Though these values are not in the measured difference range of 5 to 20 kcal/mol, they are remarkably close given a research environment that is far from comprehending all the energetic terms involved in protein folding.
Of the three families which did not display an increase in hydrogen bonds with increased thermal stability, all had an increased number of salt links and two also displayed increased fractional polar surface. Only the ribonuclease H family showed decreased polar surface and hydrogen bonds, albeit with increased salt links.
Regarding backbone hydrogen bonds, the thermophiles studied here show an overall increase in a-helix (H), strand (E), and 3 10 -helix (G) residue conformations while the turn (T), b-bridge (B), and coil (C) states are concomitantly reduced (Figure 1 ). For each 10 deg. C ascent in thermal stability, a familial mean of 3.0 main-chain bonds are gained for the H, E, and G states while 2.4 are lost over the T, B, and C con®gurations. Since the former conformations represent more compact and hydrogen-bonded dense structures, a net gain should be advantageous for stability. Subtraction of the H, E, G sum from the T, B, C sum was positive for 12 of the 16 families. The top ®ve residue substitutions for helices and strands from mesophile to thermophile are listed in Table 9 . The Gly 3 Ala and Lys 3 Arg substitutions in thermophiles correspond to top exchanges observed by Argos et al. (1979) and Menendez-Arias & Argos (1989) in their respective analyses of three and six protein families. The Lys 3 Arg mutation is also consistent with the decrease in solvation energy of thermophiles in that Arg has three polar side-chain nitrogens to contribute to the protein surface compared with only one for Lys. Mrabet et al. (1992) used engineered Lys 3 Arg variants in three different proteins and showed by actual examination of tertiary structures that enhanced hydrogen bonding and electrostatic interactions are likely responsible for the observed increased stability in the Arg-containing mutants. It is also noteworthy that Gly 3 Ala and Lys 3 Arg are favorable substitutions to enhance main-chain hydrogen bonds in both strand and helical structures.
Physical and chemical explanations for enhanced thermal stability upon mutagenesis or derived from comparison of three-dimensional structures from mesophiles and thermophiles are numerous and varied. Table 1 provides a list as well as the number of literature citations for most as collected by Querol et al. (1996) . It would appear that there is no consistent usage of any one principle to achieve stability in in vivo or in vitro environments. However, the results reported here would point to an increase in hydrogen bonds, either amongst the protein atoms explicitly including salt links or externally between polar protein atoms and water, as the dominant explanation especially since over 70% of the literature citations can be reasonably attributed (in whole or at least in signi®cant part) to this effect (Table 1) . The results here would also point to the general importance of hydrogen bonds in protein folding. Recent comparisons of the tertiary architecture of hyperthermophiles and mesophiles over four enzyme systems (Hennig et al., 1995; Korndo È rfer et al., 1995; Yip et al., 1995; Salminen et al., 1996) have led researchers to postulate an increase in ion pairs and/or hydrogen bonds within monomers and/or among subunit interaction surfaces. The energy gain suggested here from the additional noncovalent bonds in thermophiles is of the order expected from folding experiments. The suggestions made here should also be useful in designing and engineering stability into proteins and enzymes.
The other dominant explanation cited in the literature centers upon better packing within the buried regions of the thermophilic tertiary structures. The investigation of this phenomenon for the families collected here is described by Vogt & Argos (1997) who conclude that stronger bonding is a more frequently observed contributor to thermal stability.
